The Kohistan arc was formed due to subduction of neo-Tethyan oceanic crust beneath Asia. The arc is comprised of volcanic, plutonic and sedimentary rocks of Mesozoic to Tertiary age, formed prior and after the suturing of the Indian and Asian continents. Paleomagnetic investigations have been carried out on Paleocene volcanic and plutonic rocks exposed in the northern part of the arc. A total of 110 samples from 16 sites were drilled. According to rock-magnetic studies the main magnetic carrier is magnetite. Optical microscopy study reveals that low-grade metamorphism have effected all rocks. Magnetite is found as both a primary magmatic mineral and secondary alteration product in all samples. Samples of volcanics yield post tilting characteristic remanent magnetizations (ChRM). The in situ mean direction of the ChRMs of the intrusives is similar to the in situ mean direction of volcanics. The presence of secondary magnetite in plutons, the similarity of in situ mean ChRM of plutons with that of post-tilting ChRMs of similar age volcanics and dissimilarity of the mean ChRM of plutons from expected directions at the time of formation of plutons support a secondary origin for the ChRM of plutons. As the ChRM directions of the volcanics and intrusives are the same, it implies that both ChRMs were acquired during the same remagnetization event. Comparing the mean paleolatitude (25 ± 6
Introduction
It is well known that the Himalayan mountain belt was formed by the collision of Indian continent with the Asia (or Eurasia). The northwestern part of the Himalayan collision belt consists of an island arc sequence, termed as the Kohistan island arc, captured between the two colliding continents (Tahirkheli et al., 1979) . Only a few paleomagnetic data are available from the Kohistan arc (Zaman and Torii, 1999; Ahmad et al., 2000) , mainly due to poor accessibility of the area. Therefore most of the Kohistan arc remained sparsely studied and little is known about the paleoposition and rock-magnetic properties of the rocks of the arc. This is the first paleomagnetic and rock-magnetic study of volcanic and plutonic rocks of northern part of the arc. In this paper, we describe results of rock-magnetic and paleomagnetic analyses of the Paleocene volcanic and plutonic rocks exposed in the northern part of the arc. The main emphasis of this study is to investigate magnetic mineralogy, origin of natural remanent magnetization (NRM) and age of NRM of the volcanic and plutonic rocks of the area.
Cretaceous times (Tahirkheli et al., 1979) . It has been inferred that the Kohistan arc originated as an intra-oceanic arc because of its mafic bulk composition, presence of marine sediments and pillow lavas (Khan et al., 1997; Searle et al., 1999) . Isotopic data demonstrate the involvement of an enriched DUPAL-type mantle, suggesting that the Kohistan arc formed at or south of the present equator (Khan et al., 1997) . This intra-oceanic phase of the arc (102-85 Ma) ended when the arc collided with Asia along the Northern Suture ( Fig. 1) (Petterson and Windley, 1985; Treloar et al., 1996) . After this collision the arc remained as Andean type margin until its collision with the Indian continent in the Eocene along the Main Mantle Thrust (age of collision from Coward et al., 1987) . The arc was upturned along Main Mantle Thrust (MMT) exposing deeper crustal levels in the southern part, whereas higher level seafloor sediments and volcanics are exposed in the northern part. The arc can be broadly divided into six components on the basis of structure and lithology (Treloar et al., 1989; Searle, 1991) . They are: 1) high pressure garnet granulites and ultramafics of the Jijal Complex, 2) highly deformed amphibolite facies rocks of the Kamila Amphibolite belt, 3) mafic ultramafic stratiform plutonic complex termed as Chilas Complex, 4) the Chalt Volcanic Group consisting of metasediments and volcanics of greenschist and epidote-amphibolite facies, 5) the Yasin Group comprising of turbiditic slates, limestones and volcanoclastics and 6) the Kohistan batholith and related volcanic rocks forming the roof zone of the arc (Fig. 1) .
In the northern part of the arc, which is the main focus of the present study, various types of volcanic and plutonic rocks are exposed. Treloar et al. (1996) described two ma- Fig. 1 . Geological map of Kohistan island arc (after Treloar et al., 1996) . ? is marked on the boundary where demarcation of geological units is not known exactly. The area east of NPS is termed as Ladakh arc.
jor types of volcanics exposed in the northern part of the arc: 1) the Cretaceous Chalt Volcanic Group comprised of deformed pillow lavas of island arc basement which are exposed in Hunza and nearby valleys ( Fig. 1) and 2) the Shamran Volcanic Group and Western volcanics exposed west of Gilgit (Figs. 1, 2). According to Sullivan et al. (1993) the Western volcanic rocks display petrographic and geochemical characterstics similar to the Shamran volcanics. Further, they interpreted that the Shamran volcanics and the Western volcanics are continental marginal cover of the Kohistan arc rather than part of the island arc basement. The 40 Ar-39 Ar hornblende radiometric age of the Shamran volcanics is 58±1 Ma (Treloar et al., 1989; Sullivan et al., 1993) . Pudsey (1986) mentioned a third type of volcanics, which are part of Aptian/Albian Yasin Group, overlying a one-meter thick sedimentary sequence. The thickness of these volcanics is about 2 km.
Three main stages of magmatism can be distinguished in the Kohistan batholith. The first stage of plutonism is represented by a bimodal series of high-K and low-K high-SiO2 plutons (Searle, 1991) , yielding a Rb-Sr whole rock age of 102 ± 2 Ma (Petterson and Windley, 1985) . These plutons have been deformed, probably during the collision of the Kohistan arc with Asian continental margin along Northern Suture (NS). The second stage plutons are undeformed and cut the deformed features of the first stage plutons and show a progressive increase in acidity from early gabbros through late granites. A number of these second stage granitoid plutons intruded west of Gilgit, in the Gupis, Yasin and Pingal areas. These are main target of our study. K-Ar hornblende ages of these plutons range from 61 to 53 Ma and biotite ages from 62 to 40 Ma (Treloar et al., 1989) . On the basis of 40 Ar/ 39 Ar hornblende ages of 61 Ma from Gupis pluton and Rb-Sr age of 59 Ma from nearby Gindai pluton, it has been inferred that these ages (K-Ar hornblende ages of 61-53 Ma) may be regarded as possible intrusion ages of plutons west of Gilgit without the effect of any resetting (Searle, 1991) . The first and second stage of plutons were intruded by later stage apilitic pegmatic sheets, which are only exposed near Gilgit, east of the study area.
Field and Laboratory Procedures
Sampling was carried out by using a portable drill and orientations of cores were measured with a magnetic compass. At least seven samples were collected from each site. In total 110 samples were taken from 16 sites of Shamran volcanics (7 sites), Western volcanics (1 site), upper volcanics of Yasin Group (1 site) and second stage plutons of the Kohistan batholith (7 sites).
The volcanic sequence is comprised of amygdaloidal porphyritic andesitic lavas. There are also intermediate to acidic lavas and finely bedded tuffs with intercalated shaly sedi- (Pudsey et al., 1985) . Site SH4 is comprised of granitic samples from small granitic body not shown on the map. Site SH9G is also not shown on the map it is close to site SH9 and consists of granitic samples from small granitic body near site SH9.
ments. Locally pillow structure is also preserved. As the cavities filled from the bottom up, partially filled amygdules provide an indicator of stratigraphic up direction (Twiss and Moores, 1992) . Strike and dip orientations of the intercalated sediments are also used for structure correction of paleomagnetic data of volcanics. Locally preserved pillow lava structure is also useful to know stratigraphic up direction. In the case of plutons, bedding-tilt correction is applied to ChRMs by using bedding-tilt data of nearby volcanic exposures. The age of the volcanics and plutons is almost the same. The tilting of volcanics and plutons may have been occurred at the same time, during some tectonic event. Paleomagnetic measurements were made at Hokkaido University, Sapporo, Japan, using a SSM-1A spinner magnetometer. Samples were thermally demagnetized in 13 steps up to 580
• C. NRM components were analysed using principle component analysis (Kirschvink, 1980) . k and α-95 for mean directions were calculated by using Fisher statistics (Fisher, 1953) .
The magnetic mineralogy was studied with various conventional techniques such as isothermal remanent magnetization (IRM) acquisition up to the maximum available field of 400 mT, and backfield and stepwise thermal demagnetization of IRMs. Low-temperature magnetometry was also studied for selected samples at low temperature laboratory of Division of Physics, Hokkaido University, Sapporo, Japan. For this purpose saturation IRM (SIRM) was imparted at 5 K, using a field of 5 T and the sample was continuously heated up to 300 K, using a Quantum Design Magnetic Property Measurements System (MPMS). To investigate mineralogy of the rocks, microscopic observations were made both in transmitted and reflected lights for at least one representative sample per site.
Results

IRM and low temperature analyses
According to stepwise IRM acquisition and backfield demagnetization experiments, there is not much variation in the rock-magnetic characteristics of the volcanics and the intrusives. Most of the samples of the volcanics show a sharp increase in IRM up to the application of 50 mT followed by gradual increase till they attain saturation up to 150 mT. This SIRM has low coercivity and reduced to zero by the application of 25 to 35 mT backfield ( Fig. 3(a) ). Samples of three sites indicate comparatively harder magnetic behavior as saturation is attained at about 300 mT ( Fig. 3(b) ) and higher back field (50 mT) is required to remove the SIRM. IRMs of intrusive rocks saturate at about 150 mT and the SIRMs have low coercivity ranging from 20 mT to 30 mT ( Fig. 3(c) ). Stepwise thermal demagnetization of the SIRMs of both volcanic and plutonic rocks shows linear decrease up to 580
• C (Fig. 4) . SIRM warming curve (from 5 K to 300 K) shows sharp drop in the intensity at about 110 K (Fig. 4(c) ).
Petrography
About 20 rock samples were studied under the microscope both in transmitted and reflected lights. The observed rocks display wide mineralogical and textural variation. They can be classified into six main igneous rock types: diorite, andesite, granodiorite, granite, hornblendite and tuff. Slight deformation and low-grade metamorphism have affected all the rocks. The mafic minerals like pyroxene, hornblende and biotite have been partially or completely altered to chlorite, epidote, calcite and opaques. Plagioclase has been altered to kaolin and chlorite. Some mafic rocks have been changed to greenschists (SH1, SH3, SH9 and IS1). The presence of epidote in some samples indicates that the rocks have been heated at least up to 300
• C (Muffler and White, 1969) . Opaque minerals occur as both primary magmatic products and secondary alteration products of mafic minerals in all of the samples (Fig. 5) . They include mainly magnetite, ilmenite and pyrite. The primary magnetite and ilmenite is found as large (up to 0.5 mm) irregular grains in the interstices of other minerals. Sometimes they occur as inclusions in hornblende and biotite. The primary magnetite grains show corroded boundaries and are sometimes altered to sphene (CaTiO 5 ). The sphene can be produced from early Ti-rich magnetites and this sphene replacement requires a minimum metamorphic temperature of about 250
• C (Ade- Hall et al., 1971) . Secondary magnetite, ilmenite and pyrite are the alteration products of pyroxene, hornblende and biotite. They are found only as inclusions in pseudomorphs of these minerals. • C, and rapid decrease from 530 to 580
• C (Fig. 6(a) ), (b) Samples from sites YS2, SH5, SH6, SH11 and SH14 show gradual intensity decay up to 580
• C and in most cases less than 30% of the initial intensity remained after 300
• C (Fig. 6(b) ). These two groups also show distinctive behaviour in terms of vector component plots (Zijderveld, 1967) . Magnetization of samples of category (a) indicate the presence of predominantly single-component, having 570-580
• C unblocking temperatures ( Fig. 7(a) ), whereas those of category (b) show charac- teristic remanent magnetization (ChRM) components after removal of a rather soft component with intermediate unblocking temperatures of 400-500
• C (Fig. 7(b) ). This component gives magnetization direction parallel to the present Earth's magnetic field; thus it is interpreted to be of recent origin. The origin of this unusual high unblocking temperature of this component is unclear. This may not be TVRM, because there is no geological evidence of elevated temperatures in recent geological period. One possible explanation is high NRM intensities of low temperature viscous component as compared to high temperature component. This situation can arise due to the small amount of SD/PSD grains as compared to MD grains. In this case junction between low temperature and high temperature components will be pushed toward higher temperatures (Dunlop and Ozdemir, 1997; Zwing and Bachtadse, 2000) . The ChRM component is represented by a linear segment directed towards the origin of the vector component plot. In geographic coordinates, samples of six sites reveal normal and those of one site show an antipodal reversed direction (Fig. 8(a) ). Statistical parameters show that directions become scattered after the application of the bedding-tilt correction (Fig. 8(b) ; Table 1). The mean direction before structural correction is Dec = 341.6
• , Inc = 45.6
• (Table 1) , which is calculated after converting the reversed direction to normal polarity. The mean direction of samples of site SH6 is discarded because its respective direction of magnetization is far away from the rest of data (Table 1) . After tilt correction, site SH6 yield shallow inclination (4.9), which is consistent with the expected Paleocene (age of volcanics) direction of the area. The ChRM of samples of this site may represent primary magnetizations. Anyhow on the basis of data of one site, it is premature to conclude about the origin of ChRM. Additional data is needed from the west of the survey area in order to explore the possibility of primary ChRM. NRM intensities from samples of one site (YS2) were too low to yield significant results.
Intrusives
Most of the intrusive rocks show gradual intensity decay up to 580
• C (Fig. 6(c) ) and two different remanent components are observed on the vector plot. First component, removed up to 400
• C or in some cases up to 500
• C, is parallel to the present local geomagnetic field. Whereas the second one, which is ChRM component, is observed between 530 and 580
• C (Fig. 7(d) ). The mean direction of the ChRM (Dec = 340
• , Inc = 39.8
• ) in geographic coordinates is similar to that of the volcanics (Table 1) . Samples from two sites (SH16 and SH7) of intrusive rocks, show low intensity of NRM after heating over 300
• C and give erratic directions. Hence no reliable ChRM component could be isolated for these two sites.
Discussion
Magnetic mineralogy
The low coercivity shown by complete saturation of the IRM at low fields (150-300 mT) and unblocking of NRM and SIRM at about 580
• C is indicative of magnetite in these samples ( Fig. 3; Fig. 4) . In low temperature analysis curve (Fig. 4(c) ), the IRM intensity drop is at about 110 K. The Verwey transition (Verwey, 1939) in pure stoichiometric natural magnetite crystal is observed at 119 K (Ozdemir and Dunlop, 1999) . Slight deviations from stoichiometry and the presence of impurities can suppress the transition (Ozdemir et al., 1993) . The transition observed at 110 K may be because of above mentioned two reasons. Optical microscopic observations also suggest that the dominant magnetic mineral in the volcanics and the intrusives is magnetite.
Origin and age of ChRM
The ChRM directions of volcanics fail the fold test and they are clearly post tilting remanent magnetizations (Table 1) . The ChRMs of intrusives have similar mean direction to that of volcanics (Table 1 ). There are two possibilities: either the volcanics were remagnetized at the time of intrusive activity or both have suffered some later remagnetization. For the former case ChRM of intrusives will be primary and for the latter case ChRM will be secondary. The statistical parameters of the mean ChRM of intrusives before and after structure correction, however suggest that the ChRMs post tilting (Table 1) . Only on the basis of structure correction this conclusion is somewhat premature because we did not note the exact paleohorizontal plane for intrusives. They have been corrected for structure correction by using strike and dip data of nearby volcanic exposures and question arises could the intrusives remained un-tilted and ChRMs are primary? This possibility can be disregarded on the basis of following points.
1) The mean ChRMs for intrusives yield paleolatitudes (22.4 • N) that are different from the expected paleolatitudes at the time of (Paleocene) intrusive activity (0-10
• N; Klootwijk, 1984) .
2) The possibility that intrusives remained un-tilted is too remote because contemporary age volcanics in the area have suffered moderate to high angle tilting.
Moreover the presence of secondary magnetite also supports the secondary nature of the ChRMs of the intrusives. The metamorphic mineral assemblages suggest that the area was heated up to 300
• C. This secondary ChRM is carried by secondary magnetite, which was produced during this event. • E dp = 6.9 dm = 11.1 * Strike and dip are according to right hand rule. Strike and dip for intrusives means strike and dip of nearby volcanic exposure. * * Mean direction of SH6 is not included in the mean. * * * Means are calculated after converting reverse directions to normal.
Knowledge of the timing of acquisition of secondary remanent magnetizations is important for interpretations of paleomagnetic data. In the absence of any direct radiometric age control for these secondary remanent magnetizations, they can be dated only indirectly through comparison of their paleolatitudes with the paleolatitudinal control on India's northward movement. Klootwijk et al. (1991) investigated the paleolatitude history of India's northward motion during last 80 My. The calculated paleomagnetic pole for combined mean of the post-tilt ChRM directions of volcanics and intrusives (70.4
• S, 134.6 • E; dp = 6.9, dm = 11.1) lies with in swath defined by secondary poles of Early to Late Tertiary age in northwestern Himalaya (Table 3 ; Fig. 9 ). The simple comparison of paleolatitudes calculated from Indian APWP for the studied area to that of the post-tilt ChRMs of the present study would be inappropriate, if north-south crustal shortening of 470 km (about 4
• ) within Indian continent is ignored (Coward et al., 1987) . Assuming that all shortening is occurred after the acquisition of ChRMs, then error will be of the order of 4 degrees. The present latitude of the area is 36
• N, if there would have been no crustal shortening (of 4
• ); the position of the present study area must be 39
• N. Therefore in order to accommodate this shortening, paleolatitudes from APWP were calculated for 39
• N instead of 36
• N (Table 4 ). The mean paleolatitude of 25
• N with an α-95 of 8.9
• results in latitudinal range from 19
• N to 33
• N. This error leads to large age uncertainties (50 to close to the present), when compared with Indian APWP (Table 4) . However, there are some arguments that the acquisition of these ChRMs is not younger than 35 Ma. 1) ChRMs cannot be recent viscous magnetizations because the magnetizations have both polarity directions (Table 1; Fig. 8) .
2) We interpret that secondary magnetite grains carry these secondary magnetizations. These secondary magnetite grains were formed during a metamorphic event, which metamorphosed some rocks of the area up to 300
• C (lower greenschist facies).
40 Ar/ 39 Ar and K-Ar ages of hornblendes and biotites of the rocks of the area can be used to place some constraints on the thermal history. Hornblende and biotite ages of a rock record the cooling ages through closure temperatures of 500
• C and 300
• C respectively (Zeitler, 1985) . The plutonic rocks around Gilgit have biotite cooling ages through 300
• C at about 45-35 Ma and the plutons to the west of Gilgit (in our study area) have slightly older regional cooling ages (Treloar et al., 1989) . The youngest biotite ages in the study area are 40 ± 2 Ma of Gupis pluton, 44 ± 2 Ma of Pingal pluton, 43 ± 2 Ma of Gakuch pluton (immediate east of the study area) and 38 ± 2 Ma of basic volcanics (western volcanics) (Treloar et al., 1989) . Hence all these biotite ages indicate that the area was cooled down below 300
• C On the basis of the thermal history and comparison of the mean paleolatitude (within error limits) with the Indian APWP, a range of ages from 50 to 35 Ma can be assigned to the secondary remanent magnetizations.
Mechanism of remagnetization
Secondary precipitation and growth of magnetite can produce thermochemical remanent magnetization (TCRM) during alteration of primary igneous phases. Optical study also indicates the presence of primary magnetite in the volcanics and intrusives. The possibility of thermally acquired secondary remanent magnetization by the primary magnetite is ruled out, because no high temperature metamorphic mineral assemblages (of the range of magnetite Curie temperature) have been observed. The other type of remagnetization is thermoviscous remanent magnetization (TVRM), which is acquired at prolonged, elevated temperatures. The elevated temperature conditions did not last long in the area, because area was cool below 300
• C before 35 Ma. According to Pullaiah et al. (1975) curves there is no possibility of complete remagnetization of magnetite grains (laboratory unblocking temperature = 570-580
• C) in the form of TVRM, even if low grade greenschist temperatures (300-350
• C) last since the time (about 60 Ma) of formation of volcanics and intrusives to 35 Ma. The insignificant contribution of the primary magnetite grains to ChRM, may be because of large (MD) primary magnetite grains, which do not carry a stable remanence. Only secondary magnetizations were also encountered in Aruba granites, which have both primary and secondary magnetite grains (Van der Voo, 1993, p. 62) . There it has been interpreted that primary grains posses unstable remanence because of large size.
No younger intrusive activity has been reported in the area, which may be responsible for the remagnetization event. Now question arises, what is the cause of this widespread remagnetization in the area? It should be remembered that plutons could retain chemically active magmatic residual fluids long after the original plutonic activity. These fluids have water and other incompatible elements, which are unable to crystallize at prevailing temperature and exsolves from the crystallizing rock (Middlemost, 1997, p. 204) .The remagnetization may be due to release of hydrothermal fluids of plutons, during the uplift of the area. The K-Ar biotite ages of about 40 Ma from these rocks suggest that the part of the area was still at 300
• C at that time. Hence the possibility of circulation of hot hydrothermal fluids related with plutons at about 50-35 Ma cannot be ignored. The circulation of these hydrothermal fluids produced secondary magnetite and greenschist mineral assemblages.
Conclusions
The dominant magnetic carrier is magnetite in the studied rocks. Both in volcanics as well as plutons secondary magnetite is observed and all rocks have been effected by low-grade metamorphism. The ChRMs of both volcanics as well as plutons are of secondary nature, and are interpreted to have been acquired during low-grade metamorphism and is thermo chemical remanent magnetization (TCRM). The ChRMs were acquired at 25 ± 6
• N. Comparison of the mean paleolatitude with the present latitude suggests about 10
• northward movement of the area after the acquisition of ChRMs. According to the thermal history of the area and comparison of the calculated paleolatitude, within the confidence ranges, with the Indian APWP, the age of remagnetization can be bracketed between 50 and 35 Ma.
